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1. Introduction

1.1 Purpose

This module provides sufficient information for the telecommunications engineer
to understand the capabilities and limitations of the equipment used for Doppler measurement at
the Deep Space Network (DSN).

1.2 Scope

The scope of this module is limited to those features of the Low-Rate Downlink
Channel at the 34-m High-efficiency (34-m HEF), 34-m Beam Waveguide (34-m BWG), and
70-m stations that relate to the measurement and reporting of the Doppler effect.

2. General Information

The relative motion of a transmitter and receiver causes the received carrier
frequency to differ from that of the transmitter. This Doppler shift depends on the range rate—
the rate-of-change of the distance separating transmitter and receiver. Inthe DSN a Doppler
measurement consists of a set of carrier phase measurements. From these phase data, frequency
may be calculated, since frequency is the rate-of-change of phase. Moreover, the calculated
Doppler shift is related to the range rate. Doppler measurements are one of the most important
radiometric data types used in orbit determination.

There are three types of Doppler measurement: one-way, two-way, and three-
way. Inall of these cases, the accumulating downlink carrier phase is measured and recorded.

With a one-way Doppler measurement, the spacecraft transmits a downlink
carrier that is unrelated to any frequency source in the DSN and the downlink Doppler shift is
determined. The frequency stability of the spacecraft oscillator used to generate the downlink
carrier typically limits the performance of this Doppler measurement. Ultra-Stable Oscillators
(USOs) are typically used for one-way Doppler measurement.

A two-way Doppler measurement employs an uplink from a Deep Space Station
(DSS) and a downlink to that same station. The spacecraft’s transponder tracks the arriving
uplink carrier, whose frequency differs from that transmitted by the DSS by the uplink Doppler
shift. The transponder produces a downlink carrier that is coherently related to the received
uplink carrier. To be precise, the transmitted downlink carrier frequency equals the received
uplink carrier frequency multiplied by a constant G, the transponding ratio. (The frequency
multiplication is needed to achieve frequency separation between uplink and downlink carriers).
The downlink carrier is received at the same DSS that transmitted the uplink carrier. The
arriving downlink carrier experiences a two-way Doppler effect. The downlink carrier frequency
is therefore different from that on the uplink because of the two-way Doppler effect and because
of the transponding ratio.

Three-way Doppler measurement is similar to two-way measurement, except that
the downlink carrier is received ata different DSS than that from which the uplink carrier was
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transmitted. In a three-way measurement there are three nodes present: transmitting DSS,
spacecraft, and receiving DSS.

A two-way or three-way Doppler measurement originates at a DSS. The uplink
carrier frequency is synthesized within the exciter from a highly stable frequency reference
provided by the Frequency and Timing Subsystem (FTS). Since this reference is typically more
stable than the spacecraft-borne oscillator, a two-way or three-way Doppler measurement is
more accurate than a one-way measurement.

For two-way and three-way Doppler measurements, it is necessary to account for
the transponding ratio G. Itis usual to define two-way Doppler as the transmitted uplink carrier
frequency minus the ratio of the received downlink carrier frequency to the factor G. With this
definition, the two-way Doppler would be zero if there were no relative motion between the DSS
and the spacecraft. For a receding spacecraft that is typical of deep space exploration, two-way
Doppler is a positive quantity.

The instrumentation of a Doppler measurement within a DSS is shown in
diagrammatic form for a one-way measurement in Figure 1 and for a two-way measurement in
Figure 2. In all Doppler measurements, the downlink carrier from the Low-Noise Amplifier
(LNA) passes to the Downlink Tracking and Telemetry Subsystem (DTT), which resides in part
in the antenna and in part in the Signal Processing Center (SPC). The Radio-frequency to
Intermediate-frequency Downconverter (RID), which is located at the antenna, synthesizes a
local oscillator from a frequency reference supplied by the FTS and then heterodynes this local
oscillator with the downlink carrier. The Intermediate-Frequency (IF) signal that results is sent
to the Signal Processing Center (SPC).

— LNA ETS
RID |+ css| P
1 l
IF e _ i Downlink
Distribution | L2 | RRT Phase

Figure 1. One-Way Doppler Measurement

In the SPC, the IF to Digital Converter (IDC) alters the frequency of the IF signal
by a combination of up-conversion and down-conversion to a final analog frequency of
approximately 200 MHz and then performs analog-to-digital conversion. The final analog stage
of down-conversion uses a local oscillator supplied by the Channel-Select Synthesizer (CSS).
The CSS is adjusted before the beginning of a pass to a frequency appropriate for the anticipated
frequency range of the incoming downlink signal. During the pass, the frequency of the CSS
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remains constant. The local oscillator frequencies of the CSS (and, indeed, of all local oscillators
in the analog chain of down-conversion) are synthesized within the DTT from highly stable
frequency references provided by the FTS. All analog stages of down-conversion are open-loop,
and so the digital signal coming out of the IDC reflects the full Doppler shift.

. : Uplink
i Klystron (e—{ Exciter [] UPA [ Pﬁalge
_L UPL|
LNA FTS
RID_* css| O
: L T
IF . R {  Downlink
Distribution | L2 " RRT Phase

Figure 2. Two-Way Doppler Measurement

The Receiver, Ranging and Telemetry (RRT) processor accepts the signal from
the IDC and extracts carrier phase with a digital phase-locked loop (Reference 1). The loop is
configured to track the phase of a residual carrier, a suppressed carrier, or a QPSK (or Offset
QPSK) signal. Since every analog local oscillator is held at constant frequency during a pass, the
downlink carrier phase at sky frequency (that is, the phase that arrives at the DSS antenna) is
easily computed from the local oscillator frequencies and the time-varying phase extracted by the
digital phase-locked loop.

For a two-way or three-way Doppler measurement, the DSS exciter synthesizes
the uplink carrier from a stable FTS frequency reference, as illustrated in Figure 2. The uplink
carrier may be either constant or varied in accord with a tuning plan. In either case, the phase of
the uplink carrier is recorded for use in the Doppler determination. The uplink phase counts are
available from the Uplink Processor Assembly (UPA) at 1.0-second intervals.

The uplink and downlink carrier phase records must account for integer as well as
fractional cycles. This is unlike many telecommunications applications where it is necessary to
know the carrier phase only modulo one cycle. The reported data are uplink and downlink phase
counts at sky frequency (but only downlink phase counts in the case of a one-way measurement).
The downlink phase counts are available at 0.1-second intervals.
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2.1 Carrier Loop Signal-to-Noise Ratio

The downlink carrier loop signal-to-noise ratio p; must be known in order to
calculate the Doppler measurement error and to calculate the variance of the phase error in the
loop. The equation for p; depends on the type of modulation on the downlink.

2.1.1 Residual Carrier

When the downlink carrier has a residual carrier and carrier synchronization is
attained by tracking that residual carrier, p; is

P¢ 1
PL = Ny o ' B, (1)
where
P¢/Noylp,, = downlink residual-carrier power to noise spectral density ratio, Hz
B, = one-sided, noise-equivalent bandwidth of the downlink carrier loop, Hz

When non-return-to-zero (NRZ) telemetry symbols directly modulate the carrier
(in the absence of a subcarrier), there is an additional loss to the carrier loop signal-to-noise ratio.
This loss is due to the presence of data sidebands overlaying the residual carrier in the frequency
domain and therefore increasing the effective noise level for carrier synchronization. In this
case, p;, must be calculated as (Reference 2)

_ P 1 1
PL= Noly,, B, T+ 2Es/N, 2
where
Es/N, = telemetry symbol energy to noise spectral density ratio

It is recommended that p; meet the following constraint when the residual carrier is being
tracked:

pr = 10dB, residual carrier 3)

If p; is larger than 10 dB for a residual-carrier loop, cycle slips should be rare, as long as there is
no static phase error in the loop. Static phase error arises when there is an uncompensated
Doppler rate for a 2nd order loop or an uncompensated Doppler acceleration for a 3 order loop.
Table 1 contains equations for calculating the static phase error in the presence of
uncompensated Doppler dynamics. If a finite static phase error is present in the loop, the
minimum required p; might be larger than 10 dB. This can be accurately assessed through
computer simulation or actual experimentation.

2.1.2 Suppressed-Carrier BPSK

A Costas loop is used to track a suppressed-carrier, binary phase-shift keyed
(BPSK) carrier. For such a loop,
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Po=% & 4
L N, b/L B, ( )
where
Pr/Nylp,, = downlink total signal power to noise spectral density ratio, Hz
S = squaring loss of the Costas loop (Reference 3),
2 Es
N,
SL = OES (5)
1+ 2 N_O

It is recommended that p; meet the following constraint for suppressed-carrier BPSK tracking:
p. =17 dB, suppressed-carrier BPSK (6)

This recommended minimum p; is larger than for residual-carrier tracking because with a Costas
loop there is the risk of half-cycle slips as well as full cycle slips.

2.1.3 QPSK and Offset QPSK
When tracking a quadriphase-shift keyed (QPSK) carrier or an Offset QP SK
(OQPSK) carrier, the loop signal to noise ratio is
o, = fxl oL .
L No DL B; (7)

P is the total carrier power. For (O)QPSK this includes the power in both phases of the carrier.
Pr/Ny|p,, is the ratio, on the downlink, of the total carrier power to the one-sided noise spectral
density. As before, B is the one-sided, noise-equivalent loop bandwidth of the downlink carrier
loop.

The squaring loss S, for QPSK and OQPSK is given by (Reference 4)

( 1
9 3 3 , QPSK
1+ + 2+ .
_ 4(Es/No) ~ 2(Es/No)* " 16(Es/Ny)
Sie=14 1 (8)
4949 38 . 3 DK
\ 4(Es/No) ' 2(Es/No)* " 16(Es/Ny)*

Es/N, is the ratio of the energy per quaternary symbol to the one-sided noise spectral density in
each arm of the Costas loop. The power in each arm of the Costas loop is Py/2, and the
quaternary symbol period is denoted here 2T pinary). SO Es/Nj is given by

10
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é _ (PT/Z) ' (ZTS (binary))

N, N, ()

where
Ts (binary) = period of the binary symbol, s

The period Ts (pinary) IS the duration of a binary symbol at the input to the decoder or,

equivalently, atthe output of the receiver’s demodulator (after the multiplexer in the QPSK or
OQPSK demodulator).

Es/N, also equals the ratio, at the decoder input, of the energy in one binary
symbol to the one-sided noise spectral density.

Es P
L s Te s
NO NO DL S (binary) (10)

Equations (9) and (10) are equivalent definitions for Eg/N,.

As indicated in Equation (8), the squaring loss S, is worse by a factor of 1/4 for
OQPSK than for QPSK. In comparing the performance of the OQPSK loop with that of the
QPSK loop, with all fundamental parameters being equal, the OQPSK loop will have a p; that is
smaller by 6 dB. This is a result of the OQPSK carrier-tracking loop having an S-curve slope (at
the operating point) that is one-half that for the QPSK loop. (The square of this slope is a factor
in S.o.)

It is recommended that p; meet the following constraint for QPSK and OQPSK:
pL =23,dB QPSKand Offset QPSK (11)

With a QPSK or Offset QPSK loop there is arisk of quarter-cycle slips and half-cycle slips as
well as full cycle slips. If p; is larger than 23 dB, these quarter-, half-, and full-cycle slips
should be rare, as long as there is no static phase error in the loop.

Static phase error arises when there is an uncompensated Doppler rate for a 2nd
order loop or an uncompensated Doppler acceleration for a 3@ order loop. Table 1 contains
equations for calculating the static phase error in the presence of uncompensated Doppler
dynamics. Ifa finite static phase erroris present in the loop, the minimum required p; might be
larger than 23 dB. This can be accurately assessed through computer simulation or actual
experimentation.

Equation (11) might seem to suggest that an OQPSK loop has the same
performance in the presence of thermal noise as does a QPSK loop. But this is not the case. For
acommon Pr/Ny|p,, and acommon By, the OQPSK loop will have a p, that is smaller by 6 dB

than that for the QPSK loop. Equation (11) merely states that the minimum p;, which must be
calculated while accounting for S, is the same for both loops.

11
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2.1.4 Carrier Loop Bandwidth

In this module, carrier loop bandwidth means the one-sided, noise-equivalent
carrier loop bandwidth of the receiver. Itis denoted B;. There are limits on the carrier loop
bandwidth. B; can be no larger than 200 Hz. The lower limit on B; is determined by the phase
noise on the downlink. In addition, when operating in the suppressed-carrier mode, B; should be
no larger than (1/20) times the binary symbol rate.

In general, the value selected for B;, should be small in order to maximize the
carrier loop signal-to-noise ratio. On the other hand, B, must be large enough that neither of the
following variables becomes too large:

a)  The static phase error due to uncompensated Doppler dynamics,

b)  The contribution to carrier loop phase error variance due to phase noise on
the downlink.

The best B; to select will depend on circumstances. Sometimes it will be possible
to select a B, of about 1 Hz. A larger value for B; is necessary when there is significant
uncertainly in the downlink Doppler dynamics or when the Sun-Earth-probe angle is small (so
that solar coronal phase scintillations are present on the downlink). When tracking a spinning
spacecraft, it may be necessary to set the carrier loop bandwidth to a value that is somewhat
larger than would otherwise be needed. The loop bandwidth must be large enough to track out
the variation due to the spin.

2.2 Doppler Measurement Error

The performance of one-way Doppler measurements and two-way (or three-way)
coherent Doppler measurements is addressed here. Models are given for the important
contributors to measurement error. More information about Doppler performance is available in
References 5 and 6.

The error in Doppler measurement is characterized here as a standard deviation
oy, having velocity units (such as mm/s), or as a variance a2 (mm? /s2). Models are given
here for measurement error in the case of two-way (or three-way) coherent Doppler
measurement and in the case of one-way Doppler measurement.

A Doppler measurement error can also be characterized as a standard deviation of
frequency of. This standard deviation and oy, are related as follows:

fc
— oy, one — way
O'f = ZC (12)
fc
= oy, two — way or three — way
where
oy = standard deviation of range rate, same units as c
fc = downlink carrier frequency

¢ = speed of electromagnetic waves in vacuum

12
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or = standard deviation of frequency, same units as f

The factor of 2 in Equation (12) for two-way and three-way measurements is present because oy,
represents the error in the rate-of-change of the (one-way) range and oy represents the error in

the total Doppler shift, including uplink as well as downlink.
The error variance oy,2 for a Doppler measurement can be modeled as

oy? = oyn® + oyp® + oys? (13)
where
oy2 = variance of range rate (square of ay)
oyn® = contribution to o2 from white (thermal) noise
oyr? = contribution to oy,2 from phase noise of frequency sources
oys® = contribution to a2 from (solar) phase scintillation

When using BPSK with direct modulation of the carrier (that is, no subcarrier), a
data imbalance (that is, an unequal number of logical ones and zeros) will cause a residual-
carrier loop to experience an additional phase jitter. This phase jitter represents an additional
error source for Doppler measurement, beyond those included in Equation (13). The standard
deviation ay,; of Doppler error due to telemetry data imbalance, when direct-modulation BPSK is
employed, may be roughly modeled as follows:

(¢ 6 - lgara” By

one —wa
~ 4 V24 -1 - fe g
v = €0 " lqara" BL (14)
| & , two —way or three — way
\ 2v24 -7 - f,
where
oy, = Standard deviation of Doppler error due to telemetry data imbalance, same
units as c
6, = telemetry modulation index, rad
lqata = data imbalance, 0 < Ig,10 < 0.5

Data imbalance I4,¢, is defined as follows. In a large set of ny + n, binary-
valued telemetry symbols, if nyis the number of logical zeros and n, is the number of logical
ones, Iqata = Ing — N1 |/ (ng +ny). The case Iq,ta = 0 represents a perfect balance (and
therefore ay,; = 0). The case I4,t, = 0.5 represents the case where n, = 3n, (or vice versa), a
highly imbalanced situation. It is possible, of course, for I4,¢, t0 be larger than 0.5 (as large as 1,
for which all symbols are identical); but the model of Equation (14) is only valid in the range
0 < Igata < 0.5.

Pseudo randomization of the telemetry data can be employed in the transponder.
When this is done, there is no significant data imbalance and the Doppler error ay; is 0.

13
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2.2.1 One-Way Doppler Measurement Error

One-way Doppler measurement is subject to the following error sources: white
noise at the receiver, phase noise originating in the frequency source on the spacecraft, and phase
scintillation acquired by the downlink carrier in passing through the solar corona.

2.2.11 Downlink White (Thermal) Noise Contribution to a2, One-Way

For a one-way Doppler measurement, all of the white (thermal) noise originates
on the downlink. The contribution oy 2 is modeled as

oyN’: =2 ( ¢ )2 l one-way (15)
2nfcT/ py
where
T = integration time for Doppler measurement, s

The carrier loop signal-to-noise ratio p; may be calculated from equations in Section 2.1.

2.2.1.2 Phase Noise Contribution to a2, One-Way

The frequency source of the downlink carrier introduces two kinds of error to a
one-way Doppler measurement: an unknown bias and a random error. The bias is due to
uncertainty in the transmitted frequency; this bias is not further discussed here. The random
error is due to frequency instability of the frequency source. Frequency instability can be
characterized either in terms of a fractional frequency deviation (the Allan deviation) or in terms
of phase noise. If the phase noise of the source has been characterized, its contribution to oy,2
may be calculated as follows.

e}

2
c 2
oyp? = (n ch) j Sps(f) - |HpG2nf)|” - sin? (wfT) df,  one-way  (16)
0
where
Sp/L(f) = one-sided power spectral density of downlink-carrier phase noise,
rad? /Hz
Hp, (j2nf) = frequency response of DTT receiver’s carrier loop

The frequency response Hp, ,,, (j2rf) is related to the transfer function Hp,, (s) of that loop by
Hp, (2nf) = HD/L(5)|

where s is the Laplace transform variable. The form of Hj/, (s) depends on whether the DTT
receiver is configured asa 2" or 3 order loop. Appendix A provides equations for Hp /, (s).

s=j2nf (17)

The product Sp /. (f) - |H, 1. (2nf) |2 appearing in Equation (16) represents that
portion of the (one-sided) power spectral density of the phase noise that lies in the passband of
Hp ., (j2mf). This shows that oy,z% depends, in general, on the carrier-loop bandwidth B; .

14
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In order to keep the phase error of the carrier loop small, B; is normally selected
to be large enough to pass almost all of the (low-pass) power spectral density Sp/.(f). In this
typical scenario, oy 2 becomes insensitive to the exact value of B;. The following
approximation is then possible:

oyr = ¢ 0y, (1), one-way (18)
where
ay(T) = Allan deviation of the carrier’s frequency source

Allan deviation is a dimensionless measure of the fractional frequency stability
and is a function of the integration time T (Reference 7). When using Equation (18), the Allan
deviation function should be evaluated at the Doppler measurement time 7. When using the
approximation of Equation (18), oy 2 will, of course, be the square of the standard deviation
OyF-

Equation (18) is an excellent approximation when the phase noise is
predominantly white-in-frequency, for which Sy, (f) « 1/f2. Therefore, when the phase noise
is predominantly white-in-frequency and B;, is large enough that the carrier-loop phase error is
small, then Equation (18) is an excellent estimate of oy for one-way Doppler measurement.

In general, there is also a contribution to oy, 2 from phase noise in the local
oscillators of the DTT receiving chain. This contribution may be calculated using an equation
similar to Equation (16), with Sp, /. (f) replaced by the one-sided power spectral density of the
local oscillator phase noise. This contribution will depend, in general, on B;. However, if B; is
large enough that the carrier-loop phase error is small, then the contribution may be
approximated as the square of the oy calculated by Equation (18), where the local oscillator’s
Allan deviation is used. At the stations, the local oscillators are derived from the FTS, where the
Allan deviation of the local oscillators is typically very small compared with that for the
frequency source, onboard the spacecraft, of the downlink carrier (for non-coherent operation).
The contribution of the local oscillators in one-way Doppler measurement at a station is therefore
typically negligible by comparison. However, at a test facility where there is no FTS, the phase
noise of the local oscillators might be a significant contributor to oy x2.

It is expected that atomic clocks will in the future be employed on spacecraft;
when this occurs, a2 will be calculated as the sum of two components: one from the onboard
atomic clock and one from the DTT receiving-chain local oscillators.

2.2.1.3 Phase Scintillation Contribution to o2, One-Way

A microwave carrier passing through the solar corona experiences phase
scintillation, which introduces a random error to the Doppler measurement. The contribution
oys? of phase scintillation to Doppler measurement error depends on the Sun-Earth-probe angle,
the carrier frequency f, and the integration time T. A coarse approximation for oy 2 is:

15
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( 2.13 Cbandc

| 0°< 6 <90’
Jf | Sln(HSEP)]245 SEP

one-way (19)

| 2.13 Cband C o °
L~ pros 90° < Osgp < 180
where
OsEp = Sun-Earth-probe angle (0° < Osgp < 180°)

The standard deviation oy (the square-root of the variance oy¢2) has the same dimensions as c.
(The product 2.13 Cpanq is ot dimensionless; it has the same dimensions as f2 - T935))

The constant parameter Cj,,q depends on the downlink band,

( Vps 2
| 0.00001247 (v_> , non — coherent
Cpand = 4 P (20)
IKO .00001247 (VDS) [G* + 1], coherent
D
(12X 1073, S— down
9.3x 1077, X —down
Cband = { 9.5x 1078 K- down one-way (21)

k64x10 8 Ka — down

In Equation (19), a2 is a continuous function of Osgp (When f and T are kept constant) for
0° < Osgp < 180°.

Throughout this module, the band designation K refers to the bands 22,550 to
23,150 MHz on the uplink and 25,500 to 27,000 MHz on the downlink. The band designation
Ka refers to the bands 34,200 to 34,700 MHz on the uplink and 31,800 to 32,300 MHz on the
downlink.

The approximation of Equation (19) is based on the work reported in Reference 8.
This model is valid when tracking binary phase-shift keyed telemetry with either a residual or
suppressed carrier or when tracking a QPSK (or Offset QPSK) signal. This model is the
recommended estimate for all Sun-Earth-probe angles, even though this model was originally
based on data for Sun-Earth-probe angles between 5° and 27°. More recent measurements
suggest that the estimate is more generally applicable.

Figure 3 shows the standard deviation oy (the square-root of the variance oy¢2)
as a function of Osgp for one-way Doppler measurement with an S-band downlink. The vertical
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axis is in units of mm/s. Figure 4 shows oy for an X-band downlink. Figure 5 shows oy for a
K-band downlink. Figure 6 shows oy for a Ka-band downlink. For all four of these figures,
oys depends on f.. For Figures 3, 4, 5, and 6, the curves were calculated using a value for f. of
2295 MHz, 8425 MHz, 26250 MHz and 32050 MHz, respectively. (Each of these frequencies
corresponds to the center of the band.)

2.2.2 Two-Way and Three-Way Doppler Measurement Error

Two-way and three-way Doppler measurements are made with the spacecraft
transponder in coherent mode. The most important error sources for coherent measurements are
white noise on both the uplink and downlink and phase scintillation acquired by the uplink and
downlink carriers in passing through the solar corona.

2221 White (Thermal) Noise Contribution to oy, Two- and Three-Way

The white (thermal) noise contribution oy 2 to two-way and three-way Doppler
measurement error has two components:

oyn® = oyny?® + oynp? (22)
where
oynu? = contribution to oy,? from uplink white (thermal) noise
oynp? = contribution to oy ? from downlink white (thermal) noise

Doppler Measurement Error {(mm/s)

0.1 ' ' ' '
5 10 15 20 25 30

Sun-Earth-Probe Angle (deg)
Figure 3. Doppler Measurement Error Due to Solar Phase Scintillation: S-Down
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Doppler Measurement Error (mm/s)
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Figure 4. Doppler Measurement Error Due to Solar Phase Scintillation: X-Down
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Doppler Measurement Error (mm/s)

0.001 . . . a
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Figure 5. Doppler Measurement Error Due to Solar Phase Scintillation: K-Down
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Doppler Measurement Error (mm/s)
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Sun-Earth-Probe Angle (deg)
Figure 6. Doppler Measurement Error Due to Solar Phase Scintillation: Ka-Down

The variance oy 2 accounts for white (thermal) noise that originates on the
uplink, is tracked by the transponder’s carrier loop, is transponded to the downlink band, and is
tracked by the downlink receiver. For two- or three-way coherent Doppler measurement, the
contribution oy yy 2 of uplink white noise is modeled as

oot =3 () L [ 1My G2np) | ool ap @)
2 \2nfcT pTR'BTRO
where
G = transponding ratio
PTR = signal-to-noise ratio in transponder’s carrier loop
Brg = noise-equivalent bandwidth of the transponder’s carrier loop, Hz
Hy, (j2rf) = frequency response of uplink (transponder) carrier loop

Here By (Hz) is the noise-equivalent bandwidth of the transponder’s carrier loop:
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Bra= [ |HuuG2nn|ar 29

0

prr IS the signal-to-noise ratio in the transponder’s carrier loop with bandwidth Brg. It canbe
calculated from equations similar to those given in Section 2.1 but using uplink parameters,
instead of downlink parameters. For example, when the uplink is residual carrier, prg is
calculated as the uplink residual-carrier power to noise spectral density ratio divided by Brg. If
the uplink were suppressed carrier and tracked by a Costas loop, prr would equal the uplink total
signal power to noise spectral density ratio times a squaring loss divided by Byr.

In order to evaluate Equation (23), it is also necessary to know the frequency
response Hy, (j2mf") of the transponder’s carrier loop. Fortunately, there is an approximation

for oy 2 that requires only the bandwidth By of the transponder’s carrier loop. This
approximation is

|{1 . ( ¢ )2 . G* B B, <B
2 ~ 4 2 \2nfcT prr Brg’ " e o5
Oynu™ = 1 c 2 g2 (25)
Z. —_ B, > B
\ 2 <27chT) PTR L= TR

Equation (25) canbe understood with the following heuristic argument. In the case B, < Brg,
only a fraction B, /By of the uplink noise that is tracked by the transponder’s carrier loop is also
tracked by the DTT carrier loop; in this case, therefore, oy 2 is proportional to B, /Brg. Inthe
case B, = Brg, all of the uplink noise that is tracked by the transponder’s loop is also tracked by
the DTT receiver’s loop; therefore, B, /Bry is replaced by 1. When B and B, are comparable
(that is, when neither B, > Brg nor B, < Brg), the best accuracy is obtained for oy 2 by using
Equation (23).

The variance oy yp2 accounts for white (thermal) noise that originates on the
downlink and is tracked by the DTT receiver. The contribution oy yp? is modeled as

1 c V1
2==. -—, two-way and three-wa 26

OVND 5 (Zﬂch) oL y y (26)
where p; is the downlink carrier loop signal-to-noise ratio. Section 2.1 has equations for
calculating p;.

Equation (26) for two-way and three-way Doppler measurement is different from
Equation (15) for one-way Doppler measurement. This difference is due to the fact that oy, is the
error in the determination of the range-of-change of a (one-way) range, so there must be a
scaling by a factor of 1/2 for a two-way (or three-way) measurement. This factor of 1/2 also
appears in Equation (12). For the variance oy yp?, the factor becomes 1/4.

2.2.2.2 Phase Noise Contribution to a2, Two- and Three-Way

When making two- and three-way Doppler measurements at the stations (as
opposed to the making of measurements entirely within a test facility), the contribution oy 52
may be modeled as:

20



810-005

202, Rev. E
2 oo
ove? =2 (502=) | Sun() o G2np)| s (efT) af,
2nfcT) ) / (27)
two- and three-way coherent measurement at the stations
where
Su/L(f) = one-sided power spectral density of uplink-carrier phase noise, rad? /Hz

Equation (27) accounts for both phase noise in the uplink frequency source and
phase noise in the DTT receiving-chain local oscillators. For a three-way measurement, the
uplink source phase noise is independent of the local-oscillator phase noise. For a two-way
coherent measurement in deep space, the round-trip signal delay is large enough that local-
oscillator phase noise is uncorrelated with the delayed uplink source phase noise, even though
both originate with a common FTS. The factor of 2 at the front of the right-hand side of
Equation (27) is present because the total contribution oy 52 is twice as large as a contribution
from either the uplink-source phase noise alone or the local-oscillator phase noise alone.

For two-way and three-way Doppler measurements, the uplink frequency source
and the local oscillators in the DTT receiving chain are supplied by the FTS. The Allan
deviation for the FTS frequency sources may be found in Module 304, “Frequency and Timing”.

The contribution o2 depends on the DTT receiver carrier-loop bandwidth B, ,
since the frequency response Hyp/, (j2rf") of this loop depends on B;. In order to keep the phase
error of the carrier loop small, B; is normally selected to be large enough to pass almost all of the
(low-pass) power spectral density G2 - Sy /., (f). Inthis typical scenario, o2 becomes
insensitive to the exact value of B;. The following approximation is then possible:

c 0, (T)
\/i )

When using Equation (28), the Allan deviation function should be evaluated at the Doppler

measurement time T. oy 2 is the square of the standard deviation o given in Equation (28).

When the phase noise is predominantly white-in-frequency, for which Sy /. (f) o« 1/f2,
Equation (28) is an excellent approximation.

Equation (28) has a factor 1/+/2 that is absent in Equation (18). The two-way and
three-way case accounts for both the uplink-source phase noise and the DTT receiver local-
oscillator phase noise; this is a factor of 2 in oy 2, or a factor of V2 in oy. Moreover, oy, is the
error in the determination of the range-of-change of a (one-way) range, so there must be a
scaling by a factor of 1/2 for a two-way (or three-way) measurement.

Typically, oy 2 is negligible for two-way and three-way Doppler measurement,
owing to the excellent frequency stability of the frequency sources, which are derived at the
stations from the FTS. It is possible, however, to cause a2 to be significant during coherent
operations by choosing a DTT receiver bandwidth B; that is too small. However, if this is done,
the DTT carrier loop will have a large phase error. In such a case, a poor gy, 2 might be the less
concerning problem. Generally, for two-way or three-way coherent Doppler measurement with a

oyp = two- and three-way (28)
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spacecraft,a B, of atleast 1 Hz should ensure that oy,z2 will be small. However, the phase error
in the carrier loop might still be a problem, depending on the rate-of-change and the acceleration
of the downlink carrier’s frequency.

When testing a transponder at the Development and Test Facility (DTF-21) or the
Compatibility Test Trailer (CTT-22), the frequency stability of the uplink carrier and local
oscillators is substantially poorer than at the stations. For a two-way Doppler measurement at
DTF-21 or CTT-22, o2 might be significant. For this scenario, o2 can be modeled as:

[0e]

G 2
ove? = (5= | Sunth 11~ HoGr) [ 1o Ganp) | - sin2afT) af,
0

2rfcT (29)

DTF-21 and CTT-22

Equation (29) reflects the fact that uplink-carrier phase noise will largely be
canceled by phase noise in the local oscillators of the receiving chain but that this cancellation is
imperfect when the transponder does not track all of the uplink-carrier phase noise. The term

2
Su/n(H)- |1 — Hy, (j2nf )| represents that portion of the uplink-carrier phase noise that is not

tracked by the transponder. When the transponder’s carrier loop bandwidth is large enough that
almost all of the uplink-carrier phase noise is tracked, the cancellation of downlink-carrier phase
noise and receiving-chain local-oscillator phase noise will be nearly complete; and, under these

circumstances, o2 will be negligible.

2.2.2.3 Phase Scintillation Contribution to o2, Two- and Three-Way

The contribution oy,52 of phase scintillation to Doppler measurement error may be
approximated as follows.

| 0.53 Cband c? 0 <6 < 90°
4f #T°35[sin (fsgp)]?45’ = Pep = two- and
0.53C three- (30)
| band C2 . . ree-way
k W’ 90 < Osgp < 180
(o

As before, Osgp is the Sun-Earth probe angle (0° < Osgp < 180°), T is the measurement
integration time, f is the downlink carrier frequency, and c is the speed of electromagnetic
waves in vacuum. The standard deviation oy (the square-root of the variance oy 52) has the
same dimensions as c. (The product 0.53 Cpangq IS NOt dimensionless; it has the same dimensions
as fcz - T035))

Equation (30) is applicable to two-way and three-way Doppler measurements.
The parameter Cyp,ngq is different for two-way (and three-way) Doppler measurement than for
one-way Doppler measurement. The parameter Cy4nq depends on the uplink/downlink band
pairing.
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(3.0x 1075, S —up/S —down

23x107%, S—up/X—down

1.3x 1075, X —up/S—down

2.7x107% X—up/X—down two- and
2.6x 1075, X—up/Ka—down three-way
9.3x 10-7, Ka—up/X—down

1.1 X 10—7, Ka — up/Ka — down
\2.6x10~7, K—up/K—down

Cband = (31)

Throughout this module, the band designation K refers to the bands 22,550 to
23,150 MHz on the uplink and 25,500 to 27,000 MHz on the downlink. The band designation
Ka refers to the bands 34,200 to 34,700 MHz on the uplink and 31,800 to 32,300 MHz on the
downlink.

The approximation of Equation (30) is based on the work reported in Reference 8.
This model is valid when tracking binary phase-shift keyed telemetry with either a residual or
suppressed carrier or when tracking a QPSK (or Offset QPSK) signal. This model is the
recommended estimate for all Sun-Earth-probe angles, even though this model was originally
based on data for Sun-Earth-probe angles between 5° and 27°. More recent measurements
suggest that the estimate is more generally applicable.

Figure 7 shows the standard deviation oy (the square-root of the variance oys2)
as a function of Sun-Earth-probe angle for two-way or three-way Doppler measurement with an
S-band uplink and an S-band downlink. The vertical axis is in units of mm/s. The three curves
in that figure correspond to measurement integration times of 5, 60, and 1000 seconds. Figure 8
shows ay¢ for an S-band uplink and an X-band downlink. Figure 9 shows oy for an X-band
uplink and an S-band downlink. Figure 10 shows gy, for an X-band uplink and an X-band
downlink. Figure 11 shows gy ¢ for an X-band uplink and a Ka-band downlink. Figure 12 shows
oys for a Ka-band uplink and an X-band downlink. Figure 13 shows o5 for a Ka-band uplink
and a Ka-band downlink. Figure 14 shows oy for a K-band uplink and a K-band downlink. In
comparing these figures, it should be noted that the vertical scale is not the same for all of these
figures.
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Figure 7. Doppler Measurement Error Due to Solar Phase Scintillation: S-Up/S-Down
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Figure 8. Doppler Measurement Error Due to Solar Phase Scintillation: S-Up/X-Down
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Figure 11. Doppler Measurement Error Due to Solar Phase Scintillation: X-Up/Ka-Down

1 L] L] L] L

Doppler Measurement Error (mm/s)

0-01 'l 'l ] i
-c} 10 15 20 25 30

Sun-Earth-Probe Angle (deg)
Figure 12. Doppler Measurement Error Due to Solar Phase Scintillation: Ka-Up/X-Down
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Figure 13. Doppler Measurement Error Due to Solar Phase Scintillations: Ka-Up/Ka-Down
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Figure 14. Doppler Measurement Error Due to Solar Phase Scintillations: K-Up/K-Down
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2.3 Carrier Tracking

The DTT receiver can be configured to track phase-shift keyed telemetry with a
residual carrier or a suppressed carrier or to track a QPSK or Offset QPSK signal. In order to
achieve good telemetry performance and good Doppler measurement performance, it is
important to characterize the phase error in the carrier loop.

2.3.1 Carrier Power Measurement

When the downlink is residual-carrier, an estimate of the downlink residual-
carrier power P, is available. When the downlink is suppressed-carrier, an estimate of the total
downlink power Py is available. This is done by first estimating P¢/No|p,,, (with a modified
version of the algorithm described in Reference 9) or Pr/Ny|p ., (with the split-symbol moments
algorithm described in Reference 10). An estimate of the noise spectral density N, comes from
continual measurements made by a noise-adding radiometer. This information is used to
compute absolute power P. or Py. The results are reported once per second.

2.3.2 Carrier Loop Bandwidth

The one-sided, noise-equivalent, carrier loop bandwidth of the DTT receiver is
denoted B;. The user may choose to change B; during a tracking pass, and this can be
implemented without losing phase-lock, assuming the change is not too large. There are limits
on the carrier loop bandwidth. For the DTT receiver, B; canbe no larger than 200 Hz. The
lower limit on B, is determined by the phase noise on the downlink. In addition, when operating
in the suppressed-carrier mode, B;, is subject to the following constraint.

R
B, < %M, suppressed carrier (32)
where
Rsyy = telemetry symbol rate

In general, the value selected for B; should be small in order to maximize the
carrier loop signal-to-noise ratio. On the other hand, B; must be large enough that neither of the
following variables becomes too large: the static phase error due to Doppler dynamics and the
contribution to carrier loop phase error variance from phase noise on the downlink. The best B;,
to select will depend on circumstances. Often, it will be possible to select a B; of about 1 Hz. A
larger value for B; is necessary when there is significant uncertainty in the downlink Doppler
dynamics, when the downlink is one-way (or two-way non-coherent) and originates with a less
stable frequency source, or when the Sun-Earth-probe angle is small (so that solar phase
scintillations are present on the downlink).

When tracking a spinning spacecraft, it may be necessary to set the carrier loop
bandwidth to a value that is somewhat larger than would otherwise be needed. The loop
bandwidth must be large enough to track out the variation due to the spin. Also, the coherent
AGC in the receiver must track out the amplitude variations.

The user may select either a 2nd order or 3 order carrier loop. Both 21 and 3
order loops are perfect, meaning that the loop filter implements a true accumulation.
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2.3.3 Static Phase Error in the Carrier Loop

The carrier loop, of either 2nd or 3 order, has a very large tracking range; even a
Doppler offset of several megahertz can be tracked. With a finite Doppler rate, however, there
will be a static phase error in a 2" order loop.

Table 1 shows the static phase error in the carrier loop that results from various
Doppler dynamics for several different loops. These equations are based on the work reported in
Reference 11. The Doppler dynamics are here defined by the parameters e and £.

a = Doppler Rate, Hz/s
B = Doppler Acceleration, Hz/s?

In the presence of a persistent Doppler acceleration, a 2" order loop will
periodically slip cycles. The equations of Table 1 are valid when tracking binary phase-shift
keyed telemetry with either a residual or suppressed carrier or when tracking a QPSK or Offset
QPSK signal. These equations are exactly the same as those appearing in Module 207.

Table 1. Static Phase Error (rad)

Constant Constant Constant
Range Rate Derivative of | Second Derivative of
Loop Range Rate Range Rate
( Constant ) ( Constant ) ( Constant )
Doppler Offset Doppler Rate Doppler Acceleration
2nd order, o 27
standard 0 % (16BL2> t= 64B,°
underdamped L
2nd order, 25T« 257 12518
supercritically 0 32B,° 32B,2 t= 128B,°
damped
3 order, 1216718
standard 0 0 —
underdamped 80005,
3 order, 359371p
supercritically 0 0 16384B.°
damped L

Carrier Phase Error Variance

In order to ensure a strong phase lock, the phase error variance in the downlink
carrier loop should be small. If this variance grows too large, both telemetry detection and
Doppler measurement may suffer. This is, however, a second-order effect. For a baseline
assessment of Doppler measurement error, the equations of Section 2.2 should be used.

2.3.4
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In general, the carrier phase error variance o4* may be modeled as

Op? = Opn* + Opr® + Ops” (33)
where
a¢,2 = carrier phase error variance, rad?
oen® = contribution to o4 from white (thermal) noise, rad?
opr® = contribution to o4*from phase noise of frequency sources, rad?
ops? = contribution to o4*from (solar) phase scintillation, rad?

Equation (33) does not characterize Doppler measurement error; rather it
characterizes the variance of the phase error in the DTT receiver’s carrier loop. For
characterizing the Doppler measurement error, Equation (13) should be used. The loop phase
error is, however, relevant because if the phase error is large it has a second-order effect on the
Doppler measurement.

The models for ogy?, ogr?, and o4s* depend on whether the transponder is in
coherent or non-coherent mode.

It is recommended that the variance a¢2 of the downlink receiver’s carrier loop
not exceed the following limits:

0.1 rad?, residual carrier
04? <4 0.02rad?, suppressed carrier BPSK (34)
0.005 rad?, QPSK or Offset QPSK

The limits of Equation (34) are consistent with the limits on p; given in Equations (3), (6) and
(11) for the case where the only significant contributor to o is downlink thermal noise.

The recommended maximum variance o2 of Equation (34) is intended for the
case of zero static phase error. If there is a significant static phase error, o2 should be smaller
than the maximum given by Equation (34). As arough guide, the maximum value of a¢2 (rad?)
in the presence of a static phase error ¢spg (rad) should be less than the suggested maximum of
Equation (34) by ¢spg>.

2.34.1 Non-Coherent Operation
For non-coherent operation (such as one-way), the important contributors to g2

are: white noise at the receiver, phase noise originating in the frequency source on the spacecraft,
and phase scintillation acquired by the downlink carrier in passing through the solar corona.

23411 Downlink White (Thermal) Noise Contribution to a¢2, Non-Coherent

The variance oy accounts for white (thermal) noise.

1
Opn® = o non-coherent (35)
L
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where p; is the downlink carrier loop signal-to-noise ratio. Section 2.1 has equations for
calculating p;.

23412 Phase Noise Contribution to 04,2, Non-Coherent

The frequency source for the (non-coherent) downlink carrier has inherent phase
noise. When this phase noise is characterized by the one-sided power spectral density Sp/;, (f),
having units rad® /Hz, o4r* is given by

(o]

. 2
s9? = | So(P)- 1= o2l 'af )
0
Hp . (j2rf) is the frequency response of the downlink carrier loop and is given in Appendix A

for 2nd order and 3 order DTT carrier loops. This transfer function depends on the noise-
equivalent loop bandwidth B; .

The term Sp/.(f) - |1 — H[,/L(1'27Tf)|2 represents that portion of the downlink-
carrier phase noise that is not tracked by the DTT carrier loop. Without evaluating the integral of
Equation (36), it is possible to say that o,4r* decreases with increasing B;,. When B, is large
enough that almost all of the downlink-carrier phase noise is tracked, o4 will be negligible.

In general, there is also a contribution to o> from phase noise in the local

oscillators of the DTT receiving chain. This contribution may be calculated using an equation
similar to Equation (36), with Sp, /. (f) replaced by the one-sided power spectral density of the
local oscillator phase noise. Since the local oscillators are derived from the FTS, this
contribution has typically been very small compared with that for the frequency source, onboard
the spacecraft, of the downlink carrier (for non-coherent operation). It is expected that atomic
clocks will in the future be employed on spacecraft; when this occurs, a¢F2 will be calculated as

the sum of two components: one from the onboard atomic clock and one from the DTT
receiving-chain local oscillators.

23413 Phase Scintillation Contribution to a¢2, Non-Coherent
The contribution g4s% may be approximated by

{ Cband Cloop

[sin(Osgp)]>*S - B,

Cband Cloop
BL165

0° < Osgp < 90°
(37)
) 90° < Hsgp < 180°

=
\

Osgp is the Sun-Earth-probe angle (0° < fsgp < 180°). g4s? has the dimensions rad?. (The
product Cpana - Cloop has the same dimensions as B, ") The parameter Cpanq is constant for

any given band and is given by Equation (21), which is repeated below for the reader’s
convenience.
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(12X 1075, S — down

9.3x 1077, X —down
Coand = { 9.5x 1078, K — down (2)
6.4x 1078, Ka—down
The parameter Cy,p, is constant for a given loop.
If 5.9, standard underdamped 2"9 order loop
5.0, supercritically damped 279 order loop
Cloop = 4 (38)

| 8.3, standard underdamped 3rd order loop
k 6.7, supercritically damped 34 order loop

Equation (37) indicates that o increases as Osgp decreases and as B;, decreases. Equation (21)
indicates that o increases with decreasing downlink carrier frequency.
2.3.4.2 Coherent Operation

The most important contributors to the carrier phase error variance g2 for
coherent operation are white noise on both the uplink and downlink and phase scintillation
acquired by the uplink and downlink carriers in passing through the solar corona.

2.3.4.2.1 White (Thermal) Noise Contribution to 642, Coherent

The white (thermal) noise contribution ogy? to carrier phase error variance o2
has two components:

Opn® = Opny” + Tpnp? (39)
where
oeny? = contribution to ogy? from uplink white (thermal) noise, rad?
oenp? = contribution to ogy* from downlink white (thermal) noise, rad?
For coherent operation, the contribution oy * of uplink white noise is modeled
as
5 G? _ 2 , 2
opnu® = ——=— | [HypG2nf)|" - [1 = Hpp G2nf) | df (40)
PTR* DTR 5
where
Brr = transponder’s carrier-loop bandwidth, Hz

Equation (40) accounts for noise that originates on the uplink, is tracked by the
transponder’s carrier loop, is transponded to the downlink band, and is nottracked by the DTT
carrier loop. o4yy? generally increases as the DTT carrier-loop bandwidth B decreases. Inthe
case where B; is much smaller than the transponder’s carrier-loop bandwidth Brg, the following
approximation is accurate:
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2
0-¢NU2 = — ) BL << BTR (41)
PTR
Equation (41) is as an upper bound on ogyy % This upper bound is accurate when B, << Brp.

In general, when B; is comparable with By or larger than By, the integral of
Equation (40) must be evaluated in order to obtain an accurate value for oy, 2 Both terms

|HU/L(iZ7Tf)|2 and [1— Hp,, Gi2ref)|”, considered as functions of Fourier frequency, have
relatively large transition bands. This is because they represent filters that are only of second or
third order. These two functions of Fourier frequency are plotted in Figure 15 for a case where
B; = Brg. Inthis case, there is considerable overlap between the functions. So it would clearly
be a mistake for the case B, = Bry to assume that oy, % is zero (based on the simple notion that

oeny” represents uplink white noise that lies simultaneously inside Brg and outside B;, = Brg).

The variance O'¢ND2 (rad?) accounts for white (thermal) noise that originates on
the downlink.

2= “2)
o =—
oND PL
where p;, is the downlink carrier loop signal-to-noise ratio. Section 2.1 has equations for

calculating p;.
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Figure 15. Terms Relating U/L White Noise to D/L Carrier Phase-Error Variance
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2.3.4.2.2 Phase Noise Contribution to a2, Coherent

For coherent operations at the stations (but not at a test facility), the contribution
or? May be modeled as:
i 2
opr’ = 2G? f Sun(f) -1 _HD/L(IZHf)l af,
0
coherent operation at the stations

(43)

Equation (43) accounts for both phase noise in the uplink frequency source and
phase noise in the DTT receiving-chain local oscillators. For a three-way measurement, the
uplink source phase noise is independent of the local-oscillator phase noise. For a two-way
coherent measurement in deep space, the round-trip signal delay is large enough that local-
oscillator phase noise is uncorrelated with the delayed uplink source phase noise, even though
both originate with acommon FTS. The factor of 2 at the front of the right-hand side of
Equation (43) is present because the total contribution o2 is twice as large as a contribution
from either the uplink-source phase noise alone or the local-oscillator phase noise alone.

The term G2 - Sy /.(f) |1 — HD/L(1'27Tf)|2 represents that portion of the
downlink-carrier phase noise that is not tracked by the DTT carrier loop. Without evaluating the
integral of Equation (43), it is possible to say that o,-* decreases with increasing B;,. When By,
is large enough that almost all of the downlink-carrier phase noise is tracked, G¢F2Wi|| be
negligible. A DTT carrier-loop bandwidth B; of at least 1 Hz is adequate to ensure that O'¢F2 is

small while tracking a coherent downlink carrier. Of course, the rate-of-change and the
acceleration of the downlink carrier’s frequency causes a static phase error; therefore, B; must be
chosen large enough to ensure that this static phase error is not a problem.

At DTF-21 and CTT-22 the frequency stability of the uplink carrier and local
oscillators is substantially poorer than at the stations; so, for coherent operation, a¢F2 might be

significant. For this scenario, 0¢F2 canbe modeled as:
- 2 . 2
opr? =62 | Sy |1 = HyuG2nf) - |1 = o Genf)l” df, @
0

DTF-21 and CTT-22

Equation (44) reflects the fact that uplink-carrier phase noise will largely be
canceled by phase noise in the local oscillators of the receiving chain but that this cancellation is
imperfect when the transponder does not track all of the uplink-carrier phase noise. The product
Sunn(H-|1 - HU/L(]'27rf)|2 1= H,J/L(1'27rf)|2 represents that portion of the uplink-carrier
phase noise that is not tracked by the transponder and not tracked by the DTT receiver. When
the transponder’s carrier-loop bandwidth Bry and the DTT carrier-loop bandwidth B; are large,
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0¢F2 will be negligible. To the extent that Brg and B;, are not sufficiently large, anestimate of
0¢F2 requires a numerical evaluation of Equation (44).

23423 Phase Scintillation Contribution to a¢2, Coherent

In two-way and three-way tracking, both the uplink and downlink carriers acquire
phase scintillation when passing through the solar corona. During coherent operation, the uplink
phase scintillation is transponded onto the downlink carrier.

The contribution 45 of phase scintillation to downlink-carrier phase error

variance may be approximated with Equation (37), which is repeated below for the reader’s
convenience.

( Cband Cloop ° °

| ,  0° < 6gp <90

4 [sin(6sgp)]?45 - B, -©° a7
Cband Cloop ° °

I( i 90° < fsgp < 180

Osep is the Sun-Earth-probe angle (0° < fsgp < 180°). g5 has the dimensions rad?. (The
product Cpang " Cioop has the same dimensions as B, %)) The parameter Cpanq is constant for

any given band pairing and is given by Equation (31), which is repeated below for the reader’s
convenience.

(3.0 x 1075,  S—up/S — down
23x107% S—up/X— down
1.3 x 1075, X —up/S— down
2.7x10"%, X—up/X—down
2.6 x 1075, X —up/Ka —down
9.3x 107, Ka—up/X—down
1.1 x 107, Ka—up/Ka —down

2.6 x10~7, K—up/K—down

Cband = (31)

The parameter Cy,,p, is constant for a given loop and is given by Equation (38), which is repeated
below for the reader’s convenience.

I{ 5.9, standard underdamped 2™9 order loop

5.0, supercritically damped 29 order loop

Cloon = 4 (38)
°%P 183,

standard underdamped 3¢ order loop
k 6.7, supercritically damped 34 order loop

Equation (37) indicates that o5 increases as Osgp decreases and as B;, decreases.
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Appendix A: Carrier-Loop Transfer Function

The transfer function of the DTT receiver’s carrier loop is characterized here. For
a 2nd order loop, the transfer function is given by:
Kis+ K,

s+ K;s+ K, (45)

HpL (s) =

where s is the Laplace transform variable. The parameters K; and K, depend on whether the
loop is standard underdamped or supercritically damped (Reference 11), as shown in Table 2.

Table 2. 2nd Order Loop Parameters

K, K,
8 1
standard underdamped Sp, | Lx2
3 2
supercritically damped | 16 1,
5| 2t

B, is the one-sided, noise-equivalent bandwidth of the carrier loop (Hz).

. 2
B, = [ 1Hop o)l df ()
0
For a 3 order loop, the transfer function is given by:
Kis? + K,s + Kq
s34+ K;s%+ Kys + K

Hp;.(s) = (47)

The parameters K;, K, and K5 depend on whether the loop is standard underdamped or
supercritically damped (Reference 11), as shown in Table 3.

Table 3. 3 Order Loop Parameters

K K; K3
standard underdamped | 60 4 51 2 5
—B =K, —K;
237 1 | 9t |27t
supercritically damped | 32 1oz | Lys
1°° P27t
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Appendix B: Glossary of Parameters
downlink residual-carrier power to noise spectral density ratio, Hz
downlink total signal power to noise spectral density ratio, Hz
telemetry symbol energy to noise spectral density ratio
signal-to-noise ratio of transponder’s carrier loop
signal-to-noise ratio of DTT receiver’s carrier loop
noise-equivalent bandwidth of transponder’s carrier-loop bandwidth, Hz
noise-equivalent bandwidth of DTT receiver’s carrier loop, Hz
frequency response of transponder’s carrier loop
frequency response of DTT receiver’s carrier loop
one-sided power spectral density of uplink-carrier phase noise, rad? /Hz
one-sided power spectral density of downlink-carrier phase noise, rad? /Hz
squaring loss of a (BPSK) Costas loop
squaring loss of a QPSK or OQPSK loop
integration time for Doppler measurement, s
period of the binary symbol, s
telemetry symbol rate, symbols per second
downlink carrier frequency, Hz
speed of electromagnetic waves in vacuum, mm/s
transponding ratio
Doppler Rate, Hz/s
Doppler Acceleration, Hz/s?
Sun-Earth-probe angle (0° < Osgp < 180°)
telemetry modulation index, rad
data imbalance, 0 < Iqata < 0.5
standard deviation of frequency, Hz

standard deviation of Doppler error due to telemetry data imbalance, mm/s
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ay(T) Allan deviation

oy’ variance of range rate, mm? /s?

Oyn> contribution to oy,2 from white (thermal) noise, mm? /s?

Ovp> contribution to o(,2 from phase noise of frequency sources, mm? /s?
oys? contribution to oy, from (solar) phase scintillation, mm? /s?

0g* carrier phase error variance, rad?

Opn> contribution to g% from white (thermal) noise, rad?

Opr? contribution to g% from phase noise of frequency sources, rad?
Ogs” contribution to g% from (solar) phase scintillation, rad?

Tpny” contribution to oy from uplink white (thermal) noise, rad?

OpND> contribution to oy from downlink white (thermal) noise, rad?
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